The objective of this study was to estimate genetic parameters of antibody response to Mycobacterium avium ssp. paratuberculosis using routinely collected Minnesota Dairy Herd Improvement milk ELISA tests. After all edits, 25,809 tests from 21,514 Holstein cows in 282 Johne's positive herds were available for analysis. The Johne's test results were analyzed both as a binary trait (positive or negative) and as a linear trait as the transformed ELISA optical density [ln(OD)]. Significant fixed effects in the model were age at test date, days in milk, and laboratory negative control; random effects were herd test date, animal effect, and permanent environment effect. Transformed ELISA optical density increased with age at test day and days in milk. Heritability estimates ranged from 0.065 to 0.095. Percentage of variation explained by maternal effects ranged from 1.3 to 2.29%. Repeatabilities ranged from 0.380 to 0.433. Statistically significant correlations between the sire solutions for ln(OD) for 154 bulls with at least 30 daughters in the analysis and their USDA predicted transmitting abilities were as follows: fat yield, −0.199; protein yield, −0.179; productive life, −0.292; and Net Merit, −0.339. These correlations suggest that selection for productive life or Net Merit also will improve resistance to Johne's disease.
INTRODUCTION
Paratuberculosis in ruminants, also commonly referred to as Johne's disease, manifests itself as chronic enteritis in the small intestine and is caused by Mycobacterium avium ssp. paratuberculosis (MAP). The disease causes losses of $200 million annually in the United States (Kovich et al., 2006) . Costs include decreased milk production, reduced cow salvage value, premature culling, and veterinary expenses. The USDA's Animal and Plant Health Inspection Service Dairy 2007 study (NAHMS, 2007) indicated that 68.1% of US dairy operations were infected with MAP and that 31.7% of dairies participated in a Johne's control program. Wells et al. (1998) reported that Johne's disease was one of the most important diseases when considering zoonotic risks, international trade implications, and animal welfare concerns, in addition to the impact on animal productivity.
Calves are generally infected with MAP before 6 mo of age (NAHMS, 1997) . Transmission of infection usually occurs orally through fecal ingestion, but may also occur via consumption of colostrum or milk from infected cows or through the placenta before birth. Once an animal is infected, the incubation period for MAP is generally 2 yr or longer before clinical manifestation of the disease occurs. Clinical signs of Johne's disease include worsening diarrhea, weight loss, and decreased milk production despite a normal appetite. There is currently no cure for MAP infection or Johne's.
Several studies have indicated that heritability for resistance to Johne's disease seems to be similar to that for resistance to other diseases, averaging around 0.10. Based on postmortem tests of 3,020 Dutch cows, Koets et al. (2000) reported heritabilities for Johne's disease of 0.06 for nonvaccinated animals to 0.09 for vaccinated animals. Gonda et al. (2006) estimated heritabilities of serum ELISA test for 4,603 US Holsteins of 0.16 using a linear model and 0.09 from a threshold model. Hinger et al. (2008) reported a heritability of 0.10 based on 4,524 serum ELISA tests of German Holsteins. Mortensen et al. (2004) used a sire model to analyze milk ELISA test data from 11,535 Danish Holstein cows, estimating a heritability of 0.10, and reporting no correlation between ELISA scores and milk yields in a bivariate analysis. These heritability estimates are lower than those reported for milk production but are on a similar level to heritabilities reported for other disease traits. Zwald et al. (2004) reported heritability estimates for the pooled incidence rate of all diseases between calving and 50 d postpartum of 0.12 and 0.10 for first and all lactation analyses, respectively. These heritabilities are also similar to heritabilities used for productive life (PL), 0.08; SCS, 0.12; and daughter pregnancy rate (DPR), 0.04 (VanRaden, 2006) for US genetic evaluations.
Additional evidence of genetic variation for MAP infection resistance was reported by Settles et al. (2009) . Two regions on chromosome 3 and a region on chromosome 9 were identified as associated with the presence of MAP in tissue and feces from analysis of 218 US Holsteins and 45,683 SNP.
The first objective of this study was to estimate genetic parameters of milk ELISA MAP test results from US Holstein cows using routinely collected DHIA field data. If there is significant additive genetic variation it may be possible to compute genetic evaluations for resistance to Johne's disease on a national level. The second objective was to calculate the correlations between the sire solutions for Johne's resistance and sire PTA for milk, fat, protein, SCS, DPR, PL, and Net Merit (NM). These correlations would show if there is an antagonism between traits currently selected for and Johne's resistance and may help adjust weights for these traits in NM taking into account the cost of Johne's disease.
MATERIALS AND METHODS

Data
A total of 50,493 milk ELISA tests from 654 herds were completed by Minnesota DHIA from November 2006 to February 2009. These ELISA tests (ParaCheck, Prionics AG, Zurich, Switzerland) measured the amount of antibodies against MAP as optical density (OD). Two negative controls were run with each batch of ELISA tests at the Minnesota DHIA laboratory. The function of the negative control is to adjust for variation in laboratory environmental effects on the ELISA tests. If the sample OD minus the average of the OD of negative controls was ≥0.1, it was considered a positive test. Using the 0.1 threshold level gives a specificity of 99% and an overall sensitivity to MAP infection of 50%. The sensitivity increases as the disease progresses from subclinical to clinical (ParaCheck, Prionics AG).
Data Editing
Test data from negative herds and from herds with fewer than 5 cows tested were excluded, and 43,841 ELISA tests representing 36,209 cows were sent to the Animal Improvement Programs Laboratory of USDA (Beltsville, MD) to be matched with pedigree information. Cow birth date, calving dates, and breed were also provided by the Animal Improvement Programs Laboratory. After non-Holsteins and cows lacking sire ID were eliminated, the data set included 26,164 ELISA test records. Edits removed cows younger than 20 mo or older than 144 mo of age at time of ELISA testing. Finally, ELISA tests conducted at <5 DIM or >1,100 DIM were also eliminated, leaving 25,809 test records from 21,514 cows from 282 herds for analysis. The percentage of positive tests for MAP was 5.2%. A total of 17,634 cows had 1 test; 3,504 had 2 tests; 344 had 3 tests; 28 had 4 tests; 2 cows had 5 tests; 1 cow had 6 tests; and only 1 animal was tested 7 times. For cows with multiple tests, the average interval between tests was 312 d. Days in milk >365 d was set to 365 d. There were 65,852 animals in the pedigree file.
Daughter-dam pairs (n = 2,040) and maternal halfsibs (n = 4,082) in which both animals were tested for MAP were used to examine maternal effects. Summary statistics of the data are presented in Table 1 . The MAP ELISA test results were analyzed both as a binary (positive for MAP = 1 and negative = 0) trait and as a linear (the natural log of the OD) trait. A logtransformation was applied to OD [ln(OD)] to correct for the non-normal distribution of scores. The ln(OD) statistics were similar to those reported by Mortensen et al. (2004) (Table 1) . Younger cows had lower ln(OD), but there was considerable overlap in ln(OD) between the 3 age groups. The percentage of cows that tested positive for MAP by age category were: 2.7% (20 to 35.9 mo of age at time of test); 5.4% (36 to 47.9 mo); and 6.8% (≥48 mo). Hinger et al. (2008) have reported a linear increase in MAP-positive cows from 2 to 3 yr of age with prevalence declining in cows older than 5 yr. Lactations averaged 257 DIM at the time of testing, indicating that many cows were tested toward the end of lactation. A common practice in many herds was to test cows near dry off and then separate positive from negative cows during parturition.
Statistical Analyses
Preliminary analysis of fixed effects was done using PROC MIXED of SAS (SAS Institute, 2001) . Genetic parameters and sire breeding values were estimated for ln(OD) using the REMLF90 computer program (Misztal et al., 2002) . The binary analysis used Bayesian procedures implemented in the THRGIBBS1F90 package (Tsuruta and Misztal, 2006 ) assuming flat prior variances. A Gibbs chain of 30,000 samples was drawn and the first 5,000 rounds were discarded as burn-in. The following repeatability model was used with and without the maternal effects: where y = ELISA test score [ln(OD) for the linear model and 0 or 1 for the threshold model]; β = a vector of covariates: DIM, age at test date, OD of average of negative controls, and age of dam at the time of cow birth (set to a maximum of 60 mo and only used in models with maternal effects); n = random effect of herd-year-season [seasons were defined as winter (December to February), spring (March to May), summer (June to August), and fall (September to November)]; a = animal effect; p = permanent environmental effect; m = maternal effect; e = random residual effect; and X, S, Z, H, and W are corresponding incidence matrices. Herd-year-season was included as a random variable rather than a fixed effect to facilitate convergence in the threshold model in which some herd-year-season groups contained only positive or negative tests.
Correlations between the EBV of ln(OD) for 154 Holstein AI sires with at least 30 daughters in this study and their corresponding May 2009 USDA PTA for milk, fat, and protein yield, fat and protein percentages, PL, SCS, DPR, and NM were calculated with PROC CORR of SAS (SAS Institute, 2001 ). The distribution of sires by number of daughters is shown in Figure 1 . The sires for this part of the study averaged 81 daughters (median = 60) for the MAP genetic evaluations, compared with an average of 21,129 daughters for their USDA genetic evaluations.
To estimate approximate genetic correlations between ln(OD) and USDA traits, the procedure referenced by Onyiro et al. (2008) where n = number of sires with records. All of the reliabilities of the USDA PTA for the 154 Holstein AI sires were approaching 99% or higher. Approximate reliabilities of EBV of ln(OD) for the 154 Holstein sires were estimated by P × h 2 /(4 + P × h 2 ), where P = number of daughters with ln(OD) records (Calo et al., 1973) .
RESULTS AND DISCUSSION
As DIM increased, ln(OD) increased (P < 0.001), in agreement with who reported that the likelihood of testing positive for Johne's increases with increasing DIM in affected animals. Age at test date was also positively associated with an increasing ln(OD) (P < 0.001). Because paratuberculosis has a very long incubation period, older cows are more likely than younger cows to test positive . Age of dam at the time of cow birth was not significant (P = 0.66) in the preliminary analysis but was left in the model because of its potential influence on the estimation of maternal effects. The quadratic effects of DIM and age at test date were not significant in the preliminary analysis and were not used in the models for estimation of variance components.
Variance components, heritabilities, and repeatabilities from the linear and threshold models without maternal effects in the model are presented in Table 2 . The phenotypic variance used to calculate heritability was the sum of the genetic, permanent environment, and residual variances. The heritabilities of 0.080 for the linear model and 0.0645 for the threshold model are on the lower end of the range reported in previous studies for which heritability estimates ranged from 0.06 to 0.16. for milk and serum ELISA for MAP (Koets et al., 2000; Nielsen et al., 2002; Mortensen et al., 2004; Gonda et al., 2006; Hinger et al., 2008) . The additive genetic variance estimated in the threshold model of 0.0030 was 5 times the standard error, indicating that there may be significant additive genetic variation for this trait. The linear model was run with and without the genetic effect to test the statistical significance of the genetic variance. The likelihood ratio test (Casella and Berger, 1990) indicated that the genetic variance was significantly greater than zero (P < 0.001).
The heritability from the linear model including maternal effects was similar at 0.075, but the heritability estimate for the threshold model was higher at 0.0946 (Table 3 ). This was caused by an increase in additive genetic variance from 0.0030 ± 0.00054 to 0.0045 ± 0.00073. Herd-year-season and permanent environmental variance estimates did not significantly change by including maternal effects in the model.
Common maternal sources of variation explained 1.3% of the variation for the linear model and 2.29% of total variation for the threshold model (Table 3 ). The maternal effects variance from the threshold model was 0.0011 ± 0.00035. Possible causes of a maternal effect include intrauterine infection of the fetus (Sweeney et al., 1992) , and the calf can orally ingest MAP from the dam through colostrum, milk, or feces at parturition. Additive genetic variances increased when maternal effects were included in the threshold model but did not change for the linear model. However, for the linear model, inclusion of maternal effects resulted in lower estimates of Akaike's information criterion, indicating an improved fit of the model to the data. Further research, which may include data collected over a longer time period so that more maternal relatives have tests over their complete lifetimes, is needed to decide how best to account for maternal effects when computing MAP ELISA evaluations. In this study, data were collected only over a 27-mo period, which would affect the age structure of the daughter-dam pairs and maternal half-sibs. Many of the animals in these pairings were tested at young ages, possibly before the disease had a chance to fully manifest itself. Results from this study would imply that including maternal effects in the models for genetic evaluations is appropriate. The cost of including maternal effects in the model is minimal. On the other hand, Mortensen et al. (2004) found that maternal effects accounted for less than 1% of the variation in a study in which the majority of cows were tested in second and later parities. They concluded that maternal effects were not a significant source of variation.
Repeatabilities were similar for the various models and ranged from 0.380 to 0.433, which is slightly lower than the repeatability for lactational milk production but higher than the repeatabilities for DPR or SCS. Nielsen and Ersbøll (2006) indicated that repeated milk ELISA testing for Johne's has more value for younger cows than for older cows and suggested monthly tests for cows younger than 4 yr of age.
Results from this study do not provide evidence to recommend a linear model over a threshold model for genetic evaluation. However, Hinger et al. (2008) concluded that ln(OD) should be used rather than MAP status as a binary trait because of the greater heritability and more robust parameter estimates for the estimation of breeding values. Another consideration when using national or international data is that different commercial companies that provide the ELISA test kits may set the threshold value at which a cow is declared positive at different levels.
Correlations between the EBV for ln(OD) from the model without maternal effects for the 154 sires with at least 30 daughters with ln(OD) records in our data, and sire USDA PTA are presented in Table 4 , along with approximate genetic correlations. The approximate genetic correlations between ln(OD) and USDA PTA traits were approximately 35% greater in magnitude than the raw correlations between ln(OD) EBV and USDA sire PTA. The correlations between USDA traits for our 154 sires were similar to the correlations from national data reported by VanRaden (2006) . All correlation estimates indicate no antagonism between selection for these USDA traits and Johne's resistance as measured by ln(OD) for MAP infection. There were desirable correlations of fat and protein yields, with ln(OD) of −0.27 and −0.24, respectively. However, the correlation between milk yield and ln(OD) was lower and not statistically significant at −0.11. This was somewhat unexpected given the high genetic correlations of milk with fat and protein of 0.45 and 0.81, respectively. However, Mortensen et al., (2004) also reported a nonsignificant genetic correlation of −0.037 between ln(OD) and daily milk yield.
Productive life and NM were most strongly correlated with the sire solutions for ln(OD) at −0.39 and −0.46, respectively. Even though correlations do not imply cause and effect, these correlations suggest that selection for PL and NM may increase genetic resistance to Johne's disease. Net Merit is a composite of the other USDA traits and is desirably correlated with these traits (Table 4 ). It seems logical that NM would be at least moderately correlated with ln(OD) given that these other traits were all correlated in the desirable direction with ln(OD).
The desirable correlations reported here may have a common underlying cause. Cows that have genetically superior immune systems may be more resistant to MAP infection. These cows with superior immune systems would also be expected to remain healthier to produce more fat and protein, have lower SCS, higher pregnancy rates, longer productive lives, and more total economic merit.
A study by NAHMS (1997) calculated economic losses associated with Johne's disease, including reduced milk production, decreased salvage value for affected cattle, increased culling, and greater mortality. Losses were $40 per cow in Johne's-positive herds with less than 10% of culls showing clinical signs of the disease, and $227 per cow in herds with 10% or more symptomatic culls. These costs should be considered when updating the economic values used in the calculation of the lifetime net merit, fluid merit, and cheese merit indices. The results of this study suggest that the weight placed on longevity in the indices might increase because Johne's status and PL are negatively genetically correlated.
CONCLUSIONS
This study found heritabilities ranging from 0.0645 to 0.0946 for antibody production to MAP using routinely collected DHI field data. These heritability estimates and significant estimates of additive genetic variances indicate that it is possible to compute genetic evaluations for resistance to Johne's disease. In the absence of genetic evaluations for resistance to Johne's disease, selection for PL and NM will result in cows genetically more resistant to the disease.
